Objective: To comprehensively assess recurrent traumatic brain injury (rTBI) risk and risk factors in the general population.
Results: Twenty-two studies reported recurrence risk and 11 reported on 27 potential risk factors. rTBI risk was heterogeneous and varied from 0.43% (95% confidence interval [CI] 0.19%-0.67%) to 41.92% (95% CI 34.43%-49.40%), with varying follow-up periods (3 days-55 years). Median time to recurrence ranged from 0.5 to 3.8 years. In studies where cases were ascertained from multiple points of care, at least 5.50% (95% CI 4.80%-6.30%) of patients experienced a recurrence after a 1-year follow-up. Studies that used administrative data/self-report surveys to ascertain cases tended to report higher risk. Risk factors measured at time of index traumatic brain injury (TBI) that were significantly associated with rTBI in more than one study were male sex, prior TBI before index case, moderate or severe TBI, and alcohol intoxication. Risk factors reported in a single study that were significantly associated with rTBI were epilepsy, not seeking medical care, and multiple factors indicative of low socioeconomic status.
Conclusions: rTBI is an important contributor to the general population TBI burden. Certain risk factors can help identify individuals at higher risk of these repeated injuries. However, higher quality research that improves on rTBI surveillance methodology is needed. Traumatic brain injury (TBI) causes considerable long-term disability and mortality, creating an important economic burden for society. [1] [2] [3] Epidemiologic investigations have demonstrated that TBI is a heterogeneous public health problem because of varying injury determinants and differing ways to define TBI since there is no gold standard to diagnose the condition. 4 Another level of heterogeneity arises from the injury burden being composed of both incident and recurrent TBI (rTBI) cases, which are distinct entities. 5 However, the epidemiologic characteristics of rTBI in the general population have not been comprehensively investigated, as most studies on the topic have focused on athletes. [6] [7] [8] [9] Patients with rTBI are known to have poorer outcomes even when a repeated injury is mild. [10] [11] [12] In the acute phase, individuals with rTBI have greater disability for a longer duration when compared to individuals with a single TBI. 9 This disability is mainly manifested as more severe postconcussive symptoms and psychiatric comorbidities. 9, 13 In the long term, there is growing evidence that repetitive head trauma leads to an increased risk of suicide and chronic traumatic encephalopathy.
As such, preventing rTBI is important for controlling the overall general population TBI burden. 17 To achieve the latter, a comprehensive assessment of its epidemiologic characteristics in the general population is required. One aim of this systematic review was to estimate rTBI risk in the general population across all disease severities and age groups. A second aim was to identify rTBI risk factors (RFs) and assess their strength of association with rTBI. We also planned to assess factors that explain heterogeneity in estimates reported across studies.
METHODS This systematic review was conducted following a prespecified protocol, which is available on PROSPERO (CRD42017055597), and adheres to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. 18 Search strategy and selection criteria. We performed a systematic search of MEDLINE and EMBASE between database inception (1946 and 1947, respectively) and October 15, 2016 (updated on January 16, 2017) for studies that reported rTBI risk or RFs. In consultation with a librarian experienced in conducting systematic review searches, we developed a broad search strategy consisting of 2 concepts using keywords and MeSH/EMTREE indexing terms (e-Methods at Neurology.org). Briefly, concept 1 was for TBI (keywords: "brain injur*," "concussion," "head injur*") and concept 2 was for recurrence (keywords: "recur*," "recidivis*," "repeat*," "repetit*," "multiple"). The "and" Boolean operator was used to combine these 2 concepts. We restricted our search to studies published in English or French and excluded conference abstracts. O.L. reviewed all titles/ abstracts and full text and 1 of 3 other authors independently reviewed a subset of the same studies (E.Y.L., G.A.P., J.R.-L.). All selected titles/abstracts went on to full-text review. Adjudication was used to resolve any disagreement between reviewers during full-text review.
The inclusion criteria for this systematic review were studies that reported on the proportion of rTBI cases (individuals experiencing a repeated TBI after an initial injury) among a cohort of index TBI cases with a defined follow-up period or studies that reported on RFs and their association measure for a cohort of index TBI cases. We assessed all baseline characteristics of the index TBI cohort that were potential RFs. Since our objective was to estimate rTBI risk, we excluded studies that reported rTBI prevalence. As this review focused on rTBI in the general population, we excluded studies that reported estimates on specific population subgroups (e.g., athletes, veterans). We also excluded case reports and reviews. The bibliographies of all included studies were hand searched to identify additional studies that met the review's inclusion criteria. If 2 publications used the same study population, we included the study with the larger sample size.
Two reviewers (O.L. reviewed all studies) independently completed data extraction and quality assessment using a pilottested data extraction and quality assessment form. The following variables were extracted: total number of recurrent events, size of index TBI cohort, follow-up period (total time followed since index TBI or average follow-up period for studies recruiting index cases over many years), crude and adjusted association measures of all RFs (or individual counts of rTBI cases/noncases that are exposed/unexposed to the RFs), covariates used to adjust RF association measures, age groups included in the study, mean age, sex proportions, TBI severity distribution, data source (administrative health data/survey vs registry/medical charts), inclusion criteria for patients with TBI, and TBI/rTBI case definitions. Authors of included studies were contacted if data on the counts of rTBI or index TBI cases were missing.
Quality assessment was completed using the Methodological Evaluation of Observational Research (MORE), which evaluates the quality of incidence and RF studies based on internal and external validity domains. 19 With this quality assessment tool, each domain is scored as "OK," "minor flaw," "major flaw," or "poor reporting." This quality assessment checklist has been used in systematic reviews that adapt the tool to their research question. 20, 21 The quality assessment was conducted while assessing the studies' ability to validly estimate rTBI risk and the association between RFs and rTBI. For the quality assessment of RFs, only the internal validity was assessed since the external validity criteria were identical to those evaluated for the rTBI risk quality assessment. The quality of studies was summarized by the proportion of items that were scored as OK, minor flaw, major flaw, or poorly reported.
Statistical analysis. We reported the rTBI risk (incidence of repeat TBI among a cohort of patients with an initial TBI over a defined follow-up period) and the association measures for rTBI RFs. Crude estimates were reported as risk ratios or odds ratios and adjusted estimates as hazard ratios or odds ratios (depending on how studies reported them). It was decided a priori that if study methods and characteristics were too heterogeneous, a meta-analysis would not be completed.
We planned to use meta-regression analysis for both rTBI risk and association measures of the RFs if at least 10 studies reported on a given RF. This constraint was to ensure that the metaregression analysis was sufficiently powered. 22 The following factors were assessed as heterogeneity factors: age groups included (children vs adults or entire population), follow-up period (half of study period for studies recruiting TBI cases longitudinally), study quality (number of OK criteria), data source to ascertain rTBI cases (administrative/survey data vs registry/clinical assessment), and comprehensiveness of cases ascertained (at one vs multiple points of care: emergency department, hospitalization, or outpatient). Data sources were categorized as such because administrative data and self-report surveys have been shown to be less accurate than clinical assessment or registries to ascertain TBI cases. 23 The amount of between-study heterogeneity explained by these covariates was estimated with the R 2 statistic. 22 All analyses were conducted in STATA 14 and forest plots were produced using R (Metafor package).
RESULTS Our search identified 8,319 potentially relevant citations and 357 publications were retained for full-text review. A total of 29 publications met the inclusion criteria for rTBI risk assessment. Seven of these publications were studies completed on the same population as another publication that met the inclusion criteria but that had a smaller sample size. As such, 22 studies were retained for rTBI risk analysis and 11 studies 26, [30] [31] [32] [35] [36] [37] 40, 43, 46, 47 were retained for the analysis of rTBI RFs (figure 1). A meta-analysis was not completed because of significant methodologic heterogeneity between included studies.
Recurrent TBI risk. The included studies contained 406,982 TBI cases, 38,981 of which went on to have an rTBI. The risk of rTBI varied from 0.43% (95% confidence interval [CI] 0.19%-0.67%) to 41.92% (95% CI 34.43%-49.40%) (figure 2). After at least 1-year follow-up, 5.50% (95% CI 4.80%-6.30%) of individuals had a recurrent event when rTBI cases were ascertained at multiple points of care. Follow-up time ranged from 3 days to 55 years. Study methods and characteristics were heterogeneous (table 1 and further details in table e-1) and only 50% of the studies had a primary aim related to rTBI. Cases were mainly ascertained from administrative data (41%), [25] [26] [27] [28] [29] [30] 34, 39, 44 but some studies used surveys (18.1%), 24, 32, 35, 37 medical charts (31.8%), 31, 36, 38, 40, 42, 43, 45 and trauma registries (9%). 33, 41 Index and rTBI case definitions varied significantly across studies. In 4 studies, 25, 31, 33, 40 all age groups were included, whereas all other studies limited the population to specific age groups. One study restricted TBI and rTBI cases to sports-related injuries Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart of included and excluded studies
Flow diagram of search results for the systematic review. The detailed search strategy is available in the e-Methods. The e-Results provide a list of all included studies for the recurrent traumatic brain injury (rTBI) risk and risk factor analysis. The e-Results also provide a list of the 7 publications that were excluded from the analysis because they had the same population as 1 of the 22 included studies.
in the general population. 34 Five studies reported the risk of rTBI at different follow-up time after index TBI. 28, 33, 34, 40, 41 Many recurrent events occurred early after the index case; the median time to rTBI was under 6 months in 1-year-long studies that used a comprehensive rTBI case ascertainment definition. 40, 41 In contrast, the median time to recurrence was 3.8 years for a study with a 15-year follow-up period that only included rTBI cases hospitalized for less than 2 days (figure e-1). 28 MORE-defined study quality revealed that internal validity had more flaws and poor reporting than external validity. Regarding internal validity criteria, all studies poorly reported on at least 1 item and 21 studies had at least 1 minor flaw. In contrast, 6 studies did not have any flaws or poor reporting for external validity criteria (figure 3 and table e-2). For internal validity, the most common major flaw, minor flaw, and poorly reported criteria were not using a validated method to measure rTBI occurrence, using a data source intended for health care purposes to measure incidence, and not reporting the precision of rTBI estimates, respectively. For external validity, the most common major flaw, minor flaw, and poorly reported criteria were using a nongeneral population sampling frame, not adjusting for sampling bias, and not providing a flow diagram of participants included/ excluded from the study, respectively.
We explained the heterogeneity of estimates between studies through meta-regression analysis. The data source used to ascertain cases explained 25%-29% of the between-study variance, with studies using administrative data or surveys reporting higher risks. Studies ascertaining cases at more than 1 point of care (emergency department, hospital, clinic) tended to report higher risks, but this only explained 9% of the between-study variance. Other study-level factors, including study follow-up time, did not explain significant heterogeneity (table e-3).
Risk factors for rTBI. Eleven studies reported on 27 different potential RFs. The RFs at the time of initial injury that were significantly associated with a higher risk of rTBI in more than a single study were male sex (3/8 studies), prior TBI (3/5 studies), moderate/ severe TBI (2/4 studies), and alcohol intoxication Figure 2 Recurrent traumatic brain injury (rTBI) risk estimates rTBI risks reported in the 22 included studies. The forest plot is ordered from studies with the longest to shortest average follow-up period. CI 5 confidence interval; TBI 5 traumatic brain injury. (3/4 studies). Other studies measuring these RFs generally reported estimates in the same qualitative direction but with less precision. RFs significantly associated with a higher risk of rTBI but where estimates were only reported in a single study were epilepsy disorder 46 and not seeking medical care. 40 Moreover, several factors related to low socioeconomic status (lowest decile income level, 26 uninsured status, 46 low education level, 47 parental criminal history 26 ) were associated with higher rTBI risk. In contrast, rural residence and nonwhite race was associated with a decrease in rTBI risk, although these estimates were imprecise. Multiple studies reported other RFs (age, education level of parents, and mechanism of injury) but their association with rTBI occurrence was less conclusive because of conflicting results or imprecise estimates (figure 4). When reported, adjusted RF association measures generally showed the same qualitative association as the crude association measures but were often imprecise. Meta-regression analysis was not completed for RF association measures since no RF was reported by at least 10 studies (lack of power to conduct the analysis).
RF quality assessment was variable across different RFs and the 10 studies that reported on them (figure e-3). Poor reporting and minor flaws were identified across all RFs. Major flaws were common and affected all risk factors, except for not seeking medical care within 24 hours. Many of the same quality assessment criteria were affected across different risk factors Figure 3 Quality assessment for recurrent traumatic brain injury (rTBI) risk Quality assessment of rTBI risk stratified by internal and external validity. The proportion of each type of response to the 6 external validity criteria and 7 internal validity criteria is shown. Table e-2 provides a summary of the criteria used in the quality assessment. Figure 4 Association measures for all identified risk factors Forest plot of association measures for the 27 risk factors identified in the systematic search and measured at baseline (incident traumatic brain injury [TBI]). Covariates used for adjustment and matching are provided in table e-5. a Risk ratio (RR) was calculated using all occurrences of recurrent TBI (rTBI) and not for individual patients (data were not available; there were 44 repeat injuries in 25 patients). All studies reported by Theadom et al. 40 are adjusted odds ratios (ORs) Continued for a given study. The most common major flaw was not validating the method used to measure rTBI occurrence, and the most common minor flaw was that many studies' data sources were primarily intended for medical purposes. Poor reporting was most frequently the result of not providing any justification for the sample size used (table e-4) . DISCUSSION The epidemiologic characteristics of rTBI in the general population were previously uncharacterized. This systematic review has comprehensively described the important contribution that rTBI has to the overall TBI burden. After 1 year of followup from the time of an index TBI, at least 5.5% of individuals will have a recurrence that requires medical attention. As such, these recurrent events play an important role in amplifying the TBI burden since they are known to be associated with increased disability. [14] [15] [16] Furthermore, we have shown that many recurrent events occur in the first 6 months after index TBI. Previous evidence demonstrates that shorter intervals between index TBI and rTBI are associated with greater disability since the injured brain is still recovering from the initial injury. 48, 49 Thus, these early recurrences, which are common, are particularly burdensome to the general population.
Our study demonstrates that many RFs for rTBI are similar to those for incident TBI. Males have a higher incidence of TBI across all populations and age groups, which is similar to the association we found for rTBI. 21, 50 In addition, we described an increasing risk of rTBI among younger children in one study, 26 which resembles the pattern seen for first-time injuries. 51 Older age has also been shown to be a risk factor for incident TBI, although this characteristic was inconclusive for rTBI in our study. 52 Given this evidence, rTBI may also have a bimodal distribution where younger children and older adults are at higher risk, but further investigation is warranted. Also, alcohol intoxication is known to increase the risk of TBI and appears to be an important factor in predicting rTBI. 53 In fact, one study demonstrated that brief alcohol interventions at the time of index trauma reduce the risk of trauma recurrence. 54 Moreover, patients with an epilepsy disorder seem to be at higher risk of rTBI, which supports the idea that patients with epilepsy have a higher risk of injuries. 55 Finally, our study demonstrates that lower socioeconomic status is associated with an increased risk of rTBI, which is substantiated by other studies that have provided similar findings. 56, 57 We also identified RFs for rTBI that differ from those for index injuries or are unique for rTBI. Patients with a moderate or severe index TBI are more likely to endure rTBI than cases with a mild index TBI, suggesting that more disabling injuries are associated with a greater risk of recurrence. 58 Similarly, prior TBI before the initial injury under study also predicted a higher risk of recurrence, which indicates that rTBI risk in the general population increases as more injuries occur. Similar evidence in athlete populations supports this association. 8 Furthermore, nonwhite race and rural residence tended to demonstrate a protective, yet imprecise, association for rTBI. Similarly, some RFs related to lower socioeconomic status (unemployed parents, low parental education) are also associated with a decreased rTBI risk. These RFs are typically associated with an increased risk for incident TBI. 59 Such discrepancies may be explained by the fact that individuals in these social settings may have poorer access to health care, which would lead to an underestimation of their rTBI risk. Clearly, further investigations on these RF associations are required. In short, knowledge of these RFs provides stakeholders in TBI prevention with a means to identify patients at higher risk of recurrence, such that prevention efforts geared towards these individuals may be prioritized.
As this review confirms, there has only been limited research on rTBI epidemiology in the general population. In contrast, there has been substantial research dedicated to this topic in athletes. 8 For example, interventions to reduce the risk of rTBI in athletes, such as delaying return to play, have been shown to be effective. 8 Analogous interventions that mitigate the risk of rTBI in the general population have not been investigated, perhaps because there had never been a comprehensive description of its frequent occurrence. Despite the extensive review we completed, we must highlight that many studies we included have important validity flaws, since half of them did not have a primary aim related to rTBI. Therefore, research that primarily focuses on rTBI is required to produce higher-quality evidence on the topic. In such studies, it would be important to develop and use uniform methods to measure rTBI and baseline RFs, which is similar to what has been suggested to improve the quality of incident TBI e Crude estimate is a hazard ratio (HR) and standardized mean differences are not shown but reported in figure e-2.
f Data are shown for father's education only, but similar estimates were also reported for mother's education (not shown). Saunders et al. 46 and Saunders et al. 47 were used to assess risk factors (RFs) instead of Wilson and Selassie, 33 which did not report RFs but had a larger sample size for the same study population.
surveillance. 23 In addition, the timing of injuries after the index case should be reported so that the high-risk period of recurrence can be thoroughly assessed. By following such recommendations there would be less methodologic heterogeneity between studies, which would allow for better comparisons of rTBI epidemiologic characteristics across jurisdictions and time.
An important contributor to the aforementioned heterogeneity of rTBI risk and RF associations is the variability of case definitions for rTBI across different data sources. This heterogeneity similarly affects surveillance studies for incident TBI where comparing estimates across jurisdictions is challenging. 21, 23 However, when studying rTBI, varying follow-up times used to assess the outcome as well as the unknown validity of case definitions further complicate this problem. Regarding incident TBI, administrative data have been shown to be inaccurate at identifying cases (sensitivity of 45%-70% and specificity of .97%), but such information is not available for rTBI. 60 We demonstrated that studies using administrative health data or surveys report higher rTBI risk, which suggests that these data sources may lack specificity for detecting rTBI cases. For example, participants in studies using surveys to assess rTBI may overreport the occurrence of events. In studies using administrative data, this lack of specificity may result from ICD-coded claims being identified as rTBI when they are in fact follow-up visits for the index TBI. This problem is particularly apparent in Chu et al., 39 where a high rTBI risk of 36% over a follow-up period of up to 3 years was reported. These authors did not exclude medical claims with a TBI diagnosis for a certain period after the index TBI, as was done in other studies to ensure that follow-up visits for the index case were not counted as rTBI cases. 26, 27, 29, 34 Since administrative health data provide a feasible and timely approach to conduct surveillance and epidemiologic research, studies evaluating the accuracy of case-detection algorithms for rTBI in these data sources are required.
Our systematic review has several limitations. First, publication bias may have occurred since we only included the peer-reviewed literature and public health reports on rTBI may be available in the gray literature. We decided to omit these studies since an important component of this review was to focus on the quality assessment of included studies and the MORE checklist was not designed to evaluate the gray literature. Second, there was significant heterogeneity in the methods and populations used to assess rTBI risk and RFs across studies. This limited our ability to meta-analyze the risk and RF association measure estimates even when studies had similar follow-up periods. Although we were unable to estimate the risk of rTBI over time, we still demonstrated that there is a tendency for the risk to be the highest in the first months to years after the index case. Finally, many RFs only had crude association measures reported. Confounding of the association between the RFs and the rTBI outcome is thus possible. Conclusions on association measures did not change when comparing crude and adjusted estimates, but we must still cautiously interpret them.
rTBI affects a significant proportion of individuals with TBI, oftentimes early after a first injury, amplifying the overall TBI burden in the general population. Several factors can help identify patients at a higher risk of recurrence. However, there is significant heterogeneity of estimates between studies and methodologic flaws compromise the quality of the literature on the topic. As such, further high-quality research is needed to validate approaches for measuring rTBI occurrence so that it is possible to accurately conduct surveillance, assess risk factors, and evaluate potential rTBI-mitigating interventions in the general population.
